Long-term monitoring of the passive emission of SO, is essential if volcanologists are to establish baseline emission rates and correlate changes in emission rates with the behavior of a volcano. The synoptic perspective, rapid mode of data acquisition, and short revisit intervals of satellite-based remote sensing are well-suited for the monitoring of SO, emissions. This paper evaluates the potential of detecting passive SO, emissions from space using the data anticipated from the advanced spaceborne thermal emission and reflection radiometer (ASTER) and moderate resolution imaging spectroradiometer (MODIS). ASTER and MODIS are two of the instruments aboard the first satellite of NASA's Earth Observing System, which is scheduled for a launch in 1999. Image data acquired with NASA's airborne thermal infrared multispectral Scanner (TIMS) over Kilauea and Mount Etna volcanoes were used to simulate the ASTER and MODIS data products. These simulations suggest that both ASTER and MODIS will detect Etna-scale plumes, while reliable detection of Kilauea-scale plumes may be limited to ASTER.
Introduction
The use of correlation spectroscopy (COSPEC) [Newcomb and Millhn, 1970; Moffat and Millan, 19711 to document SO, emission rates is perhaps the most common application of remote sensing to volcanology. Measurements of SO, emission rates have yielded a wealth of information regarding magma supply rates [e.g., Casadevall et al., 1981 Casadevall et al., , 1983 Chartier et al., 1988; Williams et al., 1990; Andres et al., 19911 , contributions of volcanoes to the global SO, The ability to map the SO, content of volcanic plumes and clouds from space was first demonstrated by Krueger [ 19831, using data acquired by the Total Ozone Mapping Spectrometer (TOMS) [Krueger et al., 19951 . TOMS data have been used to track stratospheric SO, clouds [e.g., Krueger, 1983; Krueger et al., 1990; Doiron et al., 1991; Bluth et al., 1992 Bluth et al., , 1994 and estimate the contribution of explosive volcanism to the global atmospheric sulfur budget [Bluth et al., , 1997 Gray et al., 1997; Pyle et al., 19961 . However, the coarse spatial resolution of TOMS (50 km at nadir for Nimbus TOMS) has largely precluded the detection of passive SO, emission in the troposphere [e.g., Casadevall et al., 1984; Walter et al., 19931. Two instruments scheduled for a 1999 launch aboard the first satellite of NASA's Earth Observing System will provide image data with higher spatial resolution than TOMS. The advanced spaceborne emission and reflection radiometer (ASTER) and moderate resolution imaging spectroradiometer (MODIS) will produce multispectral thermal infrared (TIR) imagery with spatial resolutions of 90 m and 1 km, respectively, at nadir. Realmuto et al. [ 1994, 19971 have demonstrated that TIR image data acquired by NASA's airborne thermal infi-ared multispectral scanner (TIMS) could be used to map SO, plumes. In this paper TIMS data from Kilauea Volcano (Hawaii) and Mount Etna (Sicily) are used to simulate the data products anticipated from ASTER and MODIS. The simulated data products will be used to determine if the spatial and signal resolution of ASTER and MODIS will be sufficient to detect passive SO, emissions on the scale of the Kilauea and Etna plumes.
SO, Retrievals in the Thermal Infrared
TIMS, ASTER, and MODIS measure radiance in the 8 -12 pm atmospheric window, a region of the spectrum where the atmosphere is relatively transparent to TIR radiation. As shown in Figure 1 , the presence of SO, in the atmosphere reduces atmospheric transmission between 8 and 9.5 pm, with the minimum transmission near 8.5 pm. The TIR SO, retrieval algorithm is based on the detection and modeling of this broad absorption feature. However, atmospheric transmission is only one component of the radiance perceived by a spaceborne sensor.
For a vertical path through the atmosphere, the sensor-perceived radiance, L,, can be described as
where To represents the ground temperature, ~( h ) represents the ground emissivity, B (h, To) represents the Planck function, z(h) represents the spectral transmittance of the atmosphere, and L,(h) and Ld(h) represent the upwelling (or path) and downwelling (or sky) radiance produced by the atmosphere. Sensor-perceived radiance is composed of the ground radiance, &(h)B(h, To), the fraction of sky radiance reflected from the ground, [l -&(h) ]Ld(h), and the path radiance.
Atmospheric transmission attenuates the ground radiance and reflected sky radiance are attenuated by atmospheric transmission en route to the sensor. The goal of SO, retrieval is to separate the contributions of SO, to the perceived radiance from the contributions of the factors discussed above.
When modeling the transfer of radiation through the atmosphere, a common practice is to assume that the atmosphere is composed of parallel, horizontal, and isothermal layers (planeparallel atmosphere model, cf. Stephens [ 19941) . Each layer acts as a source (emitter) or sink (absorber) of radiation, with the relative strengths of emission and absorption controlled by the temperature contrast between adjacent layers. In the troposphere, the region of the atmosphere between sea level and approximately 15 km, temperature decreases with increasing altitude. In the stratosphere, the region of the atmosphere between 15 and 50 km, temperature increases with increasing altitude. The terms, L,(h), L,(h), and z(h) of equation (1) represent the integration of emission and absorption from all of the layers in the model atmosphere.
Non-explosive SO, plumes are typically passive, or non-buoyant, due to thermodynamic equilibrium with the surrounding atmosphere. The contrast in the temperatures of the plume and underlying background dictates whether the plume is a net emitter or absorber when observed from space. Emission dominates if the plume is warmer than the background and absorption dominates if the plume is colder than the background.
The TIR SO, retrieval is based on the MODTRAN radiative transfer code [ Berk et al., 19891, which is used to model the radiance spectrum perceived by a sensor viewing the ground through an intervening SO, plume. MODTRAN calculates this radiance using models of the absorption bands of twelve gas molecules (H, O, CO, , 0, , N, O, CO, CH, , O, , NO, SO, , NO, ,  NH,, and €€NO,) together with profiles of atmospheric pressure, temperature, and relative humidity, and the temperature and emissivity of the ground. The SO, plume occupies one layer of the model atmosphere.
The retrieval of SO, abundance is an underdetermined inverse problem, since none of the aforementioned physical parameters are uniquely determined by the observed radiance spectrum.
To create a more tractable inverse problem, information regarding the plume geometry (altitude and thickness) and the surrounding atmosphere are obtained from ancillary sources. The net effect of this additional information is to reduce the inverse problem to a pair of model parameters: ground temperature and SO, concentration. An accurate SO, retrieval requires that the radiance be a unique function of ground temperature and SO, concentration.
Figure 2 depicts a misfit surface generated with synthetic radiance data. The surface shows the least squares misfit between an "observed" radiance spectrum, calculated with a ground temperature of 305 K and SO, concentration of 10 mg m-3, and radiance spectra calculated for ranges of temperatures and concentrations that are centered on the "true" values.
Profiles across the misfit surface in the temperature and concentration dimensions (Figure 2) indicate that the surface has a single minimum.
This exercise suggests that unique estimates of temperature and SO, concentration can be retrieved from radiance spectra. The gradients of the misfit surface in the temperature and concentration dimensions (Figure 2) show that the ground temperature estimates are much better constrained by the radiance data than the SO, concentration estimates. This difference in the determinacy of the model parameters indicates the retrieval process can be simplified by estimating the ground temperature and SO, concentration in separate steps.
The transparency of an SO, plume at wavelengths longer than 9.5 pm (cf. Figure 1) permits an estimation of the temperature of the ground beneath the plume. The emissivity spectra used to estimate ground temperature and SO, concentration are derived from radiance spectra measured from exposures of surface materials that are not obscured by the plume.
The current retrieval procedure requires six runs of MODTRAN. The first spectrum, calculated for a SO, concentration of zero, is used to estimate ground temperature. The next five runs use the ground temperature to calculate radiance spectra for an incremental series of SO, concentrations. The relationship between perceived radiance and SO, concentration defined by the six radiance spectra is then approximated by a piecewise linear function. Finally, this function is used to find the SO, concentration that yields the best least-squares fit to the observed radiance spectrum.
The inputs to the retrieval procedure are the observed radiance spectra, plume geometry (altitude and thickness), ground elevation, and the profiles of atmospheric pressure, temperature and relative humidity. The spectral response of the sensor (cf. Figure 1 ) is required to resample the MODTRAN output to the resolution of the observed spectra.
The outputs from the retrieval procedure are the ground temperature and SO, column abundance (the product of SO, concentration and plume thickness) estimates and the final misfit between the observed and model radiance spectra. The ground temperature and misfit are indicators of the accuracy of the retrieval process.
Simulated ASTER and MODIS Data Products
The retrieval of SO, and ground temperature estimates from TIMS images of the Mount Etna and Kilauea plumes was discussed in Realmuto et al. [ 1994, 19971, respectively . The following section describes the predicted response of ASTER and MODIS to the presence of Kilauea-and Etna-scale SO, plumes. TIMS data, resampled to the spatial resolution of ASTER and MODIS, were used to predict the response of the spaceborne instruments. Table 1 summarizes the specifications of ASTER [Kahle et al., 1991 ; Yamaguchi et al., 19981 and MODIS [Barnes et al., 19981 . Both instruments have the requisite spectral channels covering the SO, feature at 8.5 pm together with channels at wavelengths longer than 9.5 pm.
The main differences between airborne and spaceborne detection of SO, emissions are (1) a decrease in spatial resolution, which reduces, or dilutes, the column abundance estimates by increasing the area covered by an image pixel, and (2) a longer path through the atmosphere, which further attenuates the radiance perceived by a sensor. Both of these effects are investigated below.
Plate l a is a color-composite of TIMS data acquired over the Pu'u '0'0 vent of Kilauea Volcano ( Figure 3 ) on 30 September 1988. To create this composite image, data from TIMS Channels 5, 3, and 2 (see Figure 1) were displayed in red, green, and blue, respectively. In addition, these data were processed to depict temperature variations as changes in the brightness of the display colors (brighter colors signifying warmer temperatures) and spectral variations as changes in the hue and saturation of the display colors [cf. Gillespie et al., 19861 . The absorption of ground radiance in Channel 2 causes the SO, plume to appear in hues of yellow and red in Plate la.
The Pu'u '0'0 plume was assumed to be planar, with a thickness of 0.25 km. The altitude of the plume was 1.1 km, roughly 0.25 km above ground level, as determined from shadows cast by the plume [cf. Realmuto et al., 19971 . The plume was imaged from an altitude of 1.9 km.
Profiles of atmospheric pressure, temperature, and relative humidity were obtained from a balloon-borne radiosonde launched by the National Weather Service from the Hilo Airport, which is located approximately 35 km north of Pu'u '0'0 (cf. Figure 3) . The radiosonde was launched four hours after the TIMS overflight.
Plate l b is a map of the SO, column abundance derived from the TIMS data. This map shows that the distribution of SO, within the plume was not uniform. There were several high concentration cells, or puffs, entrained in a low-concentration stream. Detailed discussions of the SO, column abundance map and puffing behavior of Pu'u '0'0 are available in Realmuto et al. [1997] .
Plate IC depicts the result of resampling the plume map to the spatial resolution of ASTER (Table 1) . The non-uniform distribution of SO, within the plume is still recognizable, despite the dilution of the column abundance values. The column abundance estimates in the puffs range from 12 to 20 g m-2 and the column abundance in the low-concentration stream is typically less than 6 g m-2.
Plate Id depicts the result of resampling the plume map to the spatial resolution of MODIS (Table 1) . At this resolution the Pu'u '0'0 vent and plume are reduced to a single pixel (partial pixels resulting from the resampling process are not valid predictors of instrument response). The SO, column abundance estimate for this pixel is approximately 3 g m-2.
The next step is to determine if ASTER and MODIS will have sufficient signal resolution, or sensitivity, to detect the SO, column abundance levels predicted by the resampling process. One measure of the sensitivity of a TIR instrument is the noise equivalent change in temperature, or NEAT, which is the smallest change in temperature that can be detected in the presence of noise. The NEAT specifications for the ASTER and MODIS TIR channels are found in Table 1 .
Plate l e contains simulations of the apparent reductions in ground temperature that would be perceived by a spaceborne instrument viewing the ground through the 1988 Pu'u '0'0 plume.
Hilo radiosonde data were used to describe the atmosphere up to 10 km and the MODTRAN tropical atmosphere model was used to describe the remainder of the path to space. An apparent change in ground temperature is the difference between the temperatures derived from radiance spectra calculated for a clear path and a path through an SO, plume.
The results of these simulations (Plate le) indicate that the apparent reduction in ground temperature resulting from SO, abundance levels of 10 and 15 g m-2 will exceed the 0.3 K NEAT specified for the ASTER channels (Table 1) . ASTER should be able to detect puffs similar to those in the 1988 Pu'u '0'0 plume (Plate IC), but lower abundance levels (5 g rn-, or less) may not be detected. The low NEAT of 0.05 K specified for the MODIS channels (Table 1 ) may allow the detection of Pu'u '0'0-scale plumes, but the detection of a single pixel many not be statistically significant.
Mount Etna Test Site
Plate 2a is a color composite of TIMS data acquired over Mount Etna (Figure 4 ) on 29 July 1986.
This image was prepared in same manner as the Pu'u '0'0 color composite (Plate la). The Etna plume was imaged from an altitude of 7.73 km.
The geometry of the Etna plume was described by a conical model. The altitude of the plume, or axis of the cone, was set at 3.5 km, slightly higher than the elevation of the crater complex at the summit of Etna (Figure 4 ). The thickness of the plume varied from 0.20 km near the summit, or the apex of the cone, to 0.50 km at the margin of the TIMS scene. This plume geometry is consistent with those measured during airborne surveys of the Etna plume [e.g. Jaeschke et al., 19821. Profiles of atmospheric pressure, temperature, and relative humidity were obtained from a radiosonde launched from Trapani, which is located approximately 220 km west of Mount Etna (cf. Figure 4) . The radiosonde launched approximately two hours prior to the TIMS overflight.
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Plate 2b is the SO, column abundance map derived from the TIMS data. The highest levels of SO, are found near the source vents in the summit crater complex of Mount Etna (cf. A comparison of the TIMS (Plate 2b) and ASTER (Plate 2c) maps reveals that the basic structure of the Etna plume is recognizable at a spatial resolution of 90 m. Dilution is relatively minor in the downwind portion of the plume, due to the uniform SO, distribution and greater width of the plume. The highest dilution is found near the source vents, where the distribution of SO, was least uniform and the plume was narrow.
The basic structure of the Etna plume can also be recognized in the MODIS map (Plate 2d), but the source vent region is represented by a single pixel. The high level of dilution in this pixel, where a column abundance of 3.6 g m-2 replaces abundance levels in excess of 15 g rn-,
(Plate 2b), is evidence that the source vents occupy a small fraction of a MODIS pixel. The width of the downwind portion of the plume, together with the uniformity of the SO, distribution, was sufficient to minimize dilution at the spatial resolution of MODIS.
To simulate the apparent reduction in ground temperatures (Plate 2e), Trapani radiosonde data were used to describe the atmosphere up to 10 km and the MODTRAN mid-latitude summer atmosphere model was used to describe the remainder of the path to space. A column abundance of 0.5 g m-,, the cut-off value for the plume maps (Plates 2b, c, and d), resulted in an apparent 4 13 temperature change in excess of 0.60 K. Therefore, both ASTER and MODIS (Table 1) Sensitivity analyses [Realmuto et al., 1994, 19971 indicate that plume altitude is the most important of the factors listed above, since the altitude defines the temperature contrast between the plume and background. There are several strategies for determining plume altitude in the absence of direct field observations. The simplest strategy is to assume that the plume altitude is approximately equal to the elevation of the source vent. This approach was used in the construction of the Mount Etna plume map (Plate 2a).
together with the solar azimuth and elevation at the time the image was acquired, to calculate the plume altitude [e.g. Glaze et al., 1989; Holasek and Selfl 1995; Realmuto et al., 19971 . This approach was used in the construction of the Pu'u '0'0 plume map (Plate la). Glaze et al.
[ 19991 have developed an altitude-estimation technique based on photoclinometry, in which the brightness (reflectance) of an image pixel is converted to an estimate of the orientation of the surface represented by the pixel relative to the sun. The relative elevation of a surface element within a row or column of image data is determined from the cumulative slope along this row or column.
Stereo imagery can also be used to determine the altitude of plumes [e.g. Prata and
Turner, 19971. ASTER will have nadir and aft-viewing telescopes capable of acquiring stereo images with a ground resolution (at nadir) of 15 m. The ASTER Project plans to produce digital elevation models (DEM's) with 30 m spatial resolution and 7 to 50 m vertical accuracy [Welch et al., 19981 . DEM's generated without the use of ground control points will have a relative accuracy of 10 -30 m, which may be sufficient for volcanic plume mapping. Individual scientists will be able to generate ASTER DEM's with commercial, off-the-shelf software.
The lack of local radiosonde data to determine atmospheric profiles can be partially offset by the use of MODTRAN climatology profiles. However, the MODTRAN profiles provide little spatial or temporal resolution. The use of global climate assimilation models can provide spatial resolution on the order of 2 degrees (of longitude and latitude) and temporal resolution on the order of 3 to 6 hours [Schubevt et al., 19931 .
Meteorological clouds at sub-pixel resolutions are an additional source of error in ASTER and MODIS SO, retrievals. Plate 2a shows a train of opaque clouds, which may have been formed of water droplets that condensed from the Etna plume. These clouds were omitted from the TIMS plume map (Plate 2b) and, due to the high spatial resolution of ASTER, the clouds were largely omitted from the ASTER map (Plate 2c). The MODIS map (Plate 2d) incorporates these clouds, since they are too small to be resolved in the MODIS data. Imagery from the ASTER and MODIS visible and near infrared channels, which will have higher spatial resolution than the corresponding TIR channels, could be used to delineate cloud-contaminated pixels prior to SO, retrieval. Cloud masks such as these will be standard products of the ASTER and MODIS science teams [Justice et al., 1998; Logar et al., 19981 .
Application to Products of Explosive Eruptions
The explosive injection of volcanic material into the atmosphere has important implications for climate forcing [e.g. Lacis et al., 1992; McCormick et al., 19951 and aircraft safety [e.g. Dunn and Wade, 1994; Casadevall and Krohn, 19951 . The potential application of TIR SO, retrieval to eruption columns and volcanic clouds is discussed in this section.
Eruption Columns
The properties of eruption columns will likely prevent the accurate retrieval of SO, using the techniques discussed in this paper. Eruption columns are typically opaque to TIR radiation [cf. Holasek et al., 19961. Due to this opacity, ground radiance is not transmitted through the column and any SO, absorption features are saturated. The top of a column may not be in thermodynamic equilibrium with the surrounding atmosphere, so the estimation of column altitude from column temperature can be problematic [Woods and Seg 1992; Holasek and SelJ,' 1995; Holasek et al., 19961 . Finally, the columns are typically not isothermal [Sparks et al., 19971 , invalidating the plane-parallel atmosphere model incorporated in MODTRAN.
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Volcanic Clouds
The application of TIR SO, retrievals to volcanic clouds is in many ways analogous to the TIR detection of ash and aerosols in such clouds [e.g., Prata, 1989a and b; Wen and Rose, 19941 .
The successful detection of ash clouds fi-om a variety of recent eruptions [e.g., Pvata, 1989a and b; Holasek and Rose, 1991; Wen and Rose, 1994; Schneider et al., 19951 lends optimism to the application of TIR SO, retrievals to SO, clouds.
SO, clouds will present at least one obstacle to the application of the retrieval techniques discussed in this paper. The clouds typically contain mixtures of SO,, sulfate aerosols, silicate ash, and ice -materials that exhibit absorption and emission in the 10 -12 pm spectral region [e.g., Prata 1989a, Wen and Rose, 19941 , currently used as a "clear path" to estimate the temperature of the ground beneath a plume. Therefore, it will be difficult to accommodate any changes in ground temperature beneath the cloud.
This obstacle will be partially mitigated by the high probability that an SO, cloud will lie over a body of water. In this scenario the background temperature can be estimated from "clear" pixels found adjacent to the cloud [e.g., Wen and Rose, 19941 . clouds yielded column abundance estimates of 1.43 g rn-, [Bluth et al., 19951. National Weather Service radar measurements determined that the maximum altitude of the eruption column was 13.5 km [Rose et al., 19951. Wen and Rose [1994] reported a sea surface temperature of 273 K in their study of Mount Spurr ash clouds over the Pacific Ocean. The simulation produced an apparent change in ground temperature in excess of 3.5 K (Figure 5 ), suggesting that both ASTER and MODIS will detect such SO, clouds with little difficulty.
Conclusions
The objective of this research was to determine if passive SO, emissions could be detected at the Thus ASTER and MODIS will be important new tools for volcano monitoring and studies of volcanic plumes and clouds. The data fkom these instruments could be used to establish baseline emission rates for various volcanoes around the world, detect deviations from the baseline rates, and map the atmospheric products of explosive eruptions. SO, retrievals from ASTER and MODIS data could be used to validate TOMS SO, retrievals.
The combined use of ASTER, MODIS, and TOMS could allow volcanologists and atmospheric scientists to document the life cycle of volcanogenic sulfur in the atmosphere. In the initial phases of an eruption, when the eruption column is opaque, TOMS will be the principal source of SO, information. As SO, clouds form and become transparent to TIR radiation, all three instruments will detect them. This phase of observation will also provide data for the cross-validation of the UV and TIR retrieval techniques. As the SO, clouds become too depleted to be detected by TOMS, the higher spatial resolution of ASTER and MODIS will allow the detection to continue. ASTER will be the last instrument to detect the clouds as the depletion of SO, continues. Finally, the recent use of radiance measurements in the 8 -12 pm region to detect volcanogenic H,SO, aerosols [Baran et al., 1993; Ackerman and Strabala, 19941 hint that ASTER and MODIS data might be applied to studies of the conversion of SO, to sulfate aerosols. Change in atmospheric transmission resulting from the introduction of an SO2 plume. The heavy line represents the ratio of transmission through an atmospheric column containing 0.1 g m-2 of SO2 to that of a column containing no SO2 . The transmission ratio is superimposed on the normalized spectral response functions of the six TIMS channels, which are depicted as shaded regions.
Figure 2.
Misfit surface, depicting the least squares misfit between a radiance spectrum calculated with a ground temperature of 305 K and SO2 concentration of 10 mg m-3 with spectra generated for temperatures ranging from 295 to 3 15 K and concentrations ranging between 0 and 20 mg m-3. Also shown are the profiles across the misfit surface in the temperature and concentration dimensions. [ 19911, Barnes et al., [1998], and Yamaguchi et al., [1998] . 
